Introduction
============

Soil is a reservoir of thousands of fungal and bacterial species that play important roles in natural and managed agricultural soils ([@B1]; [@B6]; [@B24]; [@B38]). Fungi are the most dominant eukaryotic species in terms of biomass in soil. Fungi play important roles as decomposers, nutrient cyclers, soil aggregators, pathogens, and mycorrhizal symbionts ([@B22]; [@B39]; [@B36]).

Changes in land use and agricultural practices have resulted in reduction in soil quality, fertility and productivity ([@B11]; [@B32]). The productivity and health of soils rely to some extent on the processes of soil microbial communities ([@B22]; [@B23]; [@B36]). The high use of inorganic fertilizers and pesticides can affect soil microbial populations and result in reduction of microbial diversity or changes in microbial communities ([@B19]; [@B20]; [@B31]; [@B35]).

Oasis farming system has been a common practice in the Arabian Peninsula over 1000s of years. The system is characterized by growing several crops, mainly date palms, around a water resource. The water resource, date palms and other crops used to provide a pleasant environment for people, where several people belonging to the same or different tribes used to live together ([@B25]). This system has been developed into a semi-oasis, conventional farming system in most growing areas in the Arabian Peninsula, especially in Oman, where farmers continued to grow multiple crops in plots which are irrigated by flowing water or underground water extracted from wells ([@B8]; [@B42]). Most farms in Oman these days have at least two or more of the following crops: date palms, acid limes, mangoes and cucumbers ([@B8]). Animal manures are commonly used in these farms, especially for date palms and citrus ([@B7], [@B6]). However, potting media, composts and several inorganic fertilizers are introduced and used for vegetable crops, mainly cucumbers ([@B2]). In addition, the infection of cucumbers by fungal pathogenic fungi necessitates frequent applications of systemic and contact fungicides ([@B3]). On the other hand, there is a shift toward the use organic farming (OR) in some farms in the country, but the growth rate of this sector is very slow ([@B2]).

Previous studies have shown that the population size and structure of soil flora and fauna can be affected by several factors, including the cultivation techniques, plant species, and the application of organic and inorganic fertilizers and pesticides ([@B14]; [@B29]; [@B38]; [@B40]; [@B13]). However, little information is available concerning the effect of cultivation systems on fungal diversity in this part of the world. In addition, little is known about the level of fungal diversity between different crops in the same farm.

This study was conducted to investigate fungal diversity in semi-oasis and OR systems. Specific objectives are: (1) to investigate the level of fungal diversity in a semi-oasis farming (SOF) system, and (2) to characterize the extent of fungal diversity in relation to OR and in the rhizosphere of different crops. Investigations into the dynamics of microbial populations in farming systems could help provide information about the health status of soils in SOF systems, and improve the shift toward more organic-dependent commercial farming systems in the developing countries.

Materials and Methods {#s1}
=====================

Collection of Samples
---------------------

The study investigated fungal diversity in a SOF system in Oman in comparison to OR. The experiment was located in one OR and one SOF. Details on the location, crops, and weather conditions are presented in **Table [1](#T1){ref-type="table"}**.

###### 

Characteristics of samples and sampling locations.

  Sample code   Farming system   Crop        Sampling site   Geographical location              Temperature range (°C)   Annual rain fall (mm)
  ------------- ---------------- ----------- --------------- ---------------------------------- ------------------------ -----------------------
  OR-CU         Organic          Cucumber    Farm \#1        N 23° 40.81668′, E 58° 10.95′      15.9--42.9               7 mm
  OR-TO         Organic          Tomato      Farm \#1        N 23° 40.81668′, E 58° 10.95′      15.9--42.9               7 mm
  SOF-CU        Semi-oasis       Cucumber    Farm \#2        N 23° 41.02458′, E 57° 54.29364′   13.4--43.3               21 mm
  SOF-AL        Semi-oasis       Acid lime   Farm \#2        N 23° 41.02458′, E 57° 54.29364′   13.4--43.3               21 mm
  SOF-DP        Semi-oasis       Date palm   Farm \#2        N 23° 41.02458′, E 57° 54.29364′   13.4--43.3               21 mm
                                                                                                                         

Soil samples were collected during September--November, 2013, from the rhizosphere of cucumber and tomato in the OR and from cucumber, acid lime, and date palm in SOF. The rhizosphere soil in this study is considered soil which is within the 0--3 cm distance from plant roots. Cucumber and tomato have been grown in the OR for at least the last 8 years. Date palms and acid limes grown in the SOF were 9--12 years old. They have been fertilized using animal manure and have never received any fungicide treatment in the soil. Cucumbers in the SOF have been fertilized using inorganic fertilizers and animal manures. Cucumber soils from the SOF farm received several mefenoxam, hymexazol and Thiophanate-methyl treatments over the last 5 years.

Each soil sample was approximately 1kg collected from three locations in the top 5--15 cm depth near (0--3 cm) the active feeder roots of each crop. Soil samples were collected from the rhizosphere of three randomly selected crops of each crop species grown in a different plot within a farm. The soil samples were kept in sterile plastic bags and then transferred to the Plant Pathology Research Lab, SQU, Oman. Each sample was subjected to chemical and physical analysis. Soil for DNA analysis was ground with liquid nitrogen and then kept at -80°C until DNA extraction.

Soil Physicochemical Properties
-------------------------------

Soil samples were air-dried, ground, and then passed through a 2-mm sieve to remove roots and plant debris. After that the sieved soil was stored in plastic tubes until analysis. Various physicochemical parameters of each soil sample were determined. The texture of the soil was determined by using hydrometer test ([@B21]). Electrical conductivity (EC) and pH were determined by using EC and pH meters ([@B43]). Potassium (K) contents were measured with flame photometric method (Sheerwood 450 flame photometer) while the concentration of phosphorus (P) was determined by using Inductively Coupled Plasma (Perkin Elmer, USA). Total inorganic carbon (TIC) and total organic carbon (TOC) was analyzed by using Total Organic Carbon analyzer (TOC-V, Shimadzu, Japan). Analysis of nitrogen was done by mixing 0.5 g soil sample with one tablet of Kjeltab catalyst in 10 ml of sulfuric acid, followed by heating at 420°C for 20--30 min. Then the solution was allowed to cool, followed by analysis of total nitrogen using Kjeltec Analyser (FOSS TECATOR, Sweden).

Pyrosequencing Analyses
-----------------------

DNA was extracted from soil samples according to the protocol of [@B41], following some modifications. Soil was ground with liquid nitrogen for 5 min and then 0.05 g of each sample was transferred to 1.5 μl eppendorf tube. Then, 125 μl of skimmed milk was added and the mixture was incubated in an oven at 65°C for 1 h. The mixture was centrifuged and the supernatant was transferred into a new eppendorf tube. After that 500 μl SDS extraction buffer (0.3 % SDS, 140 mM NaCl, 50 mM NaAc, pH 5.1) was added to the supernatant, followed by the addition of one volume of phenol: chloroform: isoamyl alcohol (25:24:1). The suspension was centrifuged and the supernatant was transferred to a new eppendorf tube. Then, 0.6 volumes of isopropanol and 10 μl of NaAc was added to the supernatant, incubated overnight at -20°C and then centrifuged. The pellet was washed with 600 μl ethanol, dried and finally suspended in TE buffer. The quality and quantity of DNA was assessed by using a Nano drop spectrophotometer (Thermo Scientific, USA).

DNA extraction was carried out from the three replicate samples collected from each crop. The three replicate DNA samples of each crop were then composted together. The primers ITS1F and ITS2aR were used for the amplification of ITS2 region. The samples were submitted to the Research and Testing Laboratory (RTL, Lubbock, TX, USA) for tag-encoded 454-pyrosequencing ([@B15],[@B16]).

The obtained sequences which are less than 300 bp were excluded from further analysis and the rest were checked for high quality using RDP ver 9 ([@B12]). The low quality ends and tags were removed and were checked for chimers using UCHIME chimera detection software ([@B18]). The resulting sequences were analyzed using a BLASTn.NET algorithm by comparison to high quality sequences from NCBI and the outputs were validated based on taxonomic distance methods ([@B17], [@B15],[@B16]). Out of 1980--14189 raw reads for the seven samples, 1230--11829 reads were obtained after filtering at 97% similarity threshold.

Further analysis of pyrosequencing data was carried out using the R software ([@B34]). A rarefaction curve plot was generated showing the number of OTUs versus the number of sequences. Richness was estimated using the Chao1 richness estimator using the formula: S~chao1~ = S~obs~ + n~1~ (n~1~-1)/2 (n~2~ + 1), where S~obs~ is the number of observed species/OTUs and n*i* is the number of OTUs with abundance *i*. Shannon Diversity was calculated using the formula H′ = -Σpiln(pi), where *P~i~* is the proportion of phylotypes, and *i* is the total number of all phylotypes in the sample. UniFrac and Bray--Curtis distances were calculated using the phyloseq package in R. Principal Coordinate Analyses (PCoA) were conducted and plotted from weighted and unweighted UniFrac distances and Bray--Curtis distances. Heatmap of relative abundances of the most dominant fungal genera was generated and the samples were sorted based on Bray--Curtis, weighted UniFrac and unweighted UniFrac distances.

Statistical Analysis
--------------------

Tukey's Studentized range test (SAS, SAS Institute Inc., USA) was used to examine differences among soils from different cropping systems. Correlation analysis was also conducted using SAS.

Results
=======

Soil Physicochemical Properties
-------------------------------

Soils from different crops and farming systems showed variation in their physicochemical properties (**Table [2](#T2){ref-type="table"}**). The OR soils were loamy sandy, while soils from SOF were found sandy and loamy sandy. The pH of most soils was found to be neutral to alkaline (pH = 7.7--8.4), while EC ranged from 1 to 10.54 mS. The level of inorganic carbon was found to be significantly higher in soils from SOF compared to OR, while organic carbon was found to be significantly higher in the soil from date palms compared to all other soils (*P* \< 0.05). The levels of N, P, and K were variable among different farming systems and crops (**Table [2](#T2){ref-type="table"}**).

###### 

Physicochemical analysis of soil samples.

  Code     Soil texture   pH        EC (mS)   %TIC      %TOC      %N       P (mg/kg)   K (mg/kg)
  -------- -------------- --------- --------- --------- --------- -------- ----------- -----------
  OR-CU    Loamy sand     8.4^a^    0.99^c^   1.06^b^   1.90^b^   0.06ˆb   3.71^a^     7.46ˆb
  OR-TO    Loamy sand     8.4^a^    1.21^c^   0.02^c^   2.89^b^   0.05ˆb   3.25^a^     24.57ˆab
  SOF-CU   Loamy sand     7.7^b^    4.98^b^   5.65^a^   2.30^b^   0.02ˆc   4.48^a^     58.37ˆa
  SOF-AL   Sandy          8.1^ab^   2.92^c^   5.84^a^   2.27^b^   0.08b    0.09^b^     26.77ˆab
  SOF-DP   Sandy          8.2^ab^   2.20^c^   4.98^a^   4.93^a^   0.12ˆa   0.51^b^     15.36ˆb
                                                                                       

EC, electrical conductivity; TIC, total inorganic carbon; TOC, total organic carbon; N, nitrogen; P, phosphorus; and K, potassium. Values with the same letter in the same column are not significantly different from each other at

P

\< 0.05 (Tukey's Studentized Range test, SAS).

Relationship between Crops and Fungal Diversity
-----------------------------------------------

Analysis of fungal diversity in the SOF, which is growing date palm, acid lime and cucumber, showed the presence of differential diversity among the three crops. Chao1 richness estimates showed that a total of 23, 19 and 14 OTUs were detected in the rhizosphere from the three crops, respectively (**Figures [1](#F1){ref-type="fig"}** and **[2](#F2){ref-type="fig"}**). Shannon diversity estimates showed that date palm has the highest value which is 2.50, followed by acid lime (2.22) and cucumber (1.25) (**Figure [2](#F2){ref-type="fig"}**).

![**Rarefaction curve of observed OTUs of two soil samples obtained from tomato (OR-TO) and cucumber (OR-CU) grown in organic farm and three soil samples obtained cucumber (SOF-CU), acid lime (SOF-AL) and date palm (SOF-DP) grown in a semi-oasis farm**.](fpls-07-00314-g001){#F1}

![**Chao1 richness **(A)** and Shannon diversity **(B)** within the total microbiome data of five soil samples obtained from organic farm (OR) and semi-oasis farm (SOF).** Sample codes are described in **Table [1](#T1){ref-type="table"}**.](fpls-07-00314-g002){#F2}

*Ascomycota* was the most dominant phylum, present in soil from the three crops. The other dominant phyla were *Microsporidia*, *Basidiomycota*, and *Chytridomycota* (**Figure [3](#F3){ref-type="fig"}**). The classes *Dothideomycetes, Microsporidetes*, and *Sordariomycetes* were the most common in soils from the three crops (**Figure [3](#F3){ref-type="fig"}**). Other common classes included *Eurotiomycetes, Leotiomycetes*, and *Chytridiomycetes*. Acid lime shared seven common classes with date palm, while cucumber shared five common classes with date palm. The number of shared classes between acid lime and cucumber were four. *Cladosporium* and *Systenostrema* were detected in soils of the three crops, while the other fungal species were detected in soil of one to two crops. *Systenostrema* had high abundance in soil from cucumber (**Figure [4](#F4){ref-type="fig"}**).

![**Class-level relative abundance of fungal communities in organic (OR) and semi-oasis farming (SOF) systems.** Asterisks in the legend indicate taxonomic units that could not be resolved to the class level. The phyla of the different classes are indicated on the figure. Sample codes are described in **Table [1](#T1){ref-type="table"}**.](fpls-07-00314-g003){#F3}

![**Heatmap of relative abundances of the 18 dominant fungal genera in the five samples.** Samples are sorted based on Bray--Curtis distances **(A)**, weighted Unifrac distances **(B)** and unweighted Unifrac distances **(C)**. The colored shapes next to sample codes indicate the source of soils (green for organic and dark red for semi-oasis). The fungal genera are described in **(C)** while sample codes are described in **Table [1](#T1){ref-type="table"}**.](fpls-07-00314-g004){#F4}

Fungal Diversity in Organic versus Semi-Oasis Farms
---------------------------------------------------

A higher level of fungal diversity was observed in the rhizosphere of cucumbers grown in OR compared to SOF. The Shannon and Chao1 richness values were 1.80 and 36 for cucumber soil from OR compared to 1.25 and 14 for soil from SOF, respectively (**Figure [2](#F2){ref-type="fig"}**). Tomato grown in the OR also had relatively high Shannon diversity and richness values (**Figure [2](#F2){ref-type="fig"}**).

*Ascomycota* phylum was the most dominant phylum in most of the soil samples cultivated with cucumber in the OR and SOF as well as in the organic tomato. Other phyla included *Microsporidia*, *Chytridiomycota*, and *Basidiomycota.* Our results revealed that *Microsporidetes* was the main class in cucumber grown in OR and SOF (**Figure [3](#F3){ref-type="fig"}**).

Analysis of fungal diversity in the OR and SOF soils using unweighted UniFrac distances showed separation of ORs from SOFs (**Figures [4](#F4){ref-type="fig"}** and **[5](#F5){ref-type="fig"}**). On the other hand, Weighted UniFrac separated cucumber grown in OR and SOF from other crops while Bray--Curtis also separated OR cucumbers and tomato from the others, with close relationship with SOF-DP/AL (**Figures [4](#F4){ref-type="fig"}** and **[5](#F5){ref-type="fig"}**). Further statistical analyses could not be done due to the use of one technical and one biological replicate for each sample. No correlation was found between diversity estimates and soil physicochemical properties (*P* \> 0.05).

![**Principal coordinates analysis of fungal diversity in five soil samples based on Bray--Curtis distances **(A)**, weighted Unifrac distances **(B)** and unweighted Unifrac distances **(C)**.** The green and dark red colors indicate organic and semi-oasis farming systems, respectively. Sample codes are described in **Table [1](#T1){ref-type="table"}**.](fpls-07-00314-g005){#F5}

Discussion
==========

Semi-oasis farming system in Oman has been found to harbor differential level of fungal diversity. The level of fungal diversity was higher from soils cultivated with date palms and citrus compared to soils cultivated with cucumbers. This is the first 454-pyrosequncing-based study which addressed fungal diversity in SOF. The lower level of fungal diversity in the rhizosphere of cucumber could be related to the use of fungicides in this crop. Cucumbers are heavily affected by wilt and other root diseases, which necessitate frequent applications of mefenoxam, thiophanate-methyl, hymexazol and other fungicides ([@B3]; [@B4], [@B5]). It is therefore likely that fungicide applications could have resulted in lowering fungal populations in the rhizosphere of cucumbers. On the other hand, fungicides' use for date palms and acid lime in Oman is minimal or does not exist at all in many farms, because of the limited fungal diseases which affect the two crops, especially date palms. In addition, tillage, which has been reported to decrease fungal diversity ([@B38]), is frequently practiced for soils growing cucumbers, which is not the case for date palms and acid limes.

Previous studies have shown that microbial diversity increases significantly in farms which depend on organic manure as compared to chemical fertilization ([@B33]; [@B44]). Organic manures are known to harbor high fungal diversity ([@B2]; [@B6]). The application of animal manures instead of mineral fertilizers to date palms and acid limes could have contributed to increasing the diversity of fungi in soil from these crops. It also appears that the type of crops grown have influenced the level of fungal diversity and the interaction between these crops and fungi ([@B9]; [@B37]).

The number of OTUs, Shannon diversity and Chao1 estimate revealed that the level of fungal diversity in soil from organically grown cucumber was higher compared to cucumber grown inorganically. This supports findings from previous studies about the higher fungal diversity in organic soils ([@B37]). This could be related in part to the use of organic manures as well as that chemical fungicides are not used in soils in OR. In addition, organic composts which are applied frequently to these farms are usually treated with some fungal species for biocontrol purposes, which may explain the higher level of fungal diversity in these farms ([@B6]; [@B26]; [@B30]).

Unweighted UniFrac, weighted UniFrac and Bray--Curtis analyses of fungal diversity showed clustering of the different soil samples into different groups as influenced either by the faming systems and/or by plant species. Unweighted UniFrac analysis separated soils according to the farming systems, i.e., different farming systems made a qualitative difference in fungal diversity. However, weighted UniFrac showed clustering based on plant species, suggesting some dominant taxa in cucumber, which seems to be the Systenostrema (Microsporidetes). Bray--Curtis does not take into account taxonomic relatedness between OTUs, while UniFrac does. This consideration resulted in closer clustering between OR-TO with OR-CU, SOF-AL and SOF-DP, but did not affect similarity between SOF-CU and OR-CU (**Figure [5A](#F5){ref-type="fig"}**). This shows that the OTUs that made the difference between OR-TO/CU and SOF-AL/DP detected in Bray-Curtis are somehow phylogenetically related. Also the overall variances explained by coordinate 1 and 2 is higher in weighted UniFrac (∼83%), compared to unweighted (∼63%) and Bray-Curtis (∼50%). This may suggest that plant species and/or associated cultural practices determine the fungal community structure, although the faming systems have strong impact on the qualitative structure. In another study on *Agave* species, [@B13] suggested that biogeography of the host species is the major determinant of fungal microbiome.

*Ascomycota* phylum was the most dominant phylum in most of the samples from OR and SOF. This phylum is widespread in different soils around the world ([@B33]; [@B1]; [@B6]). This is mainly because *Ascomycota* contains several pigmented species which usually tolerate higher temperatures and because many species of this produce abundant spores ([@B1]). *Microsporidia*, *Chytridiomycota*, and *Basidiomycota* phyla were also common in some farm soils. Differences in the species composition between the different soils could be related to the different growing systems, cultural practices and different crops.

Physicochemical analysis of soils showed variations in soil pH, carbon and nutrients from one soil to the other. The levels of organic carbon were the same or lower in the organic soils compared to soils from semi-oasis system. Previous studies have shown that organic systems do not always increase organic matter in the soil compared to conventional systems ([@B28]). The slightly lower soil pH in SOF compared to OR is in agreement with previous studies ([@B28]). Soil pH and nutrients are usually affected by vegetation, soil type, carbon and nitrogen ([@B10]; [@B27]).

Conclusion
==========

Our study showed the presence of differential levels of fungal diversity that were suggested to be associated with farming systems and plant species or cultural practices. The SOF system seems to have high level of fungal diversity, especially under crops which are grown in a semi-organic way. This is expected to be reflected on soil health and quality especially if the fungal communities are of the plant growth promoting or disease suppressive species. The trend toward production of cucumber in these systems appears to have impact on the fungal diversity levels, possibly due to the heavy use of fungicides. The current shift toward the use of pesticides in SOF systems should take into consideration the negative side of chemicals on diversity of the beneficial fungi.
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